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Background: Mammalian telomeres consist of long tandem arrays of the double-
stranded TTAGGG sequence motif packaged by a telomere repeat binding
factor, TRF1. The DNA-binding domain of TRF1 shows sequence homology to
each of three tandem repeats of the DNA-binding domain of the transcriptional
activator c-Myb. The isolated c-Myb-like domain of human TRF1 (hTRF1) binds
specifically to telomeric DNA as a monomer, in a similar manner to that of
homeodomains. So far, the only three-dimensional structure of a telomeric protein
to be determined is that of a yeast telomeric protein, Rap1p. The DNA-binding
domain of Rap1p contains two subdomains that are structurally closely related to
c-Myb repeats. We set out to determine the solution structure of the DNA-binding
domain of hTRF1 in order to establish its mode of DNA binding.
Results: The solution structure of the DNA-binding domain of hTRF1 has been
determined and shown to comprise three helices. The architecture of the three
helices is very similar to that of each Rap1p subdomain and also to that of each
c-Myb repeat. The second and third helix form a helix-turn-helix (HTH) variant.
The length of the third helix of hTRF1 is similar to that of the second subdomain
of Rap1p.
Conclusions: The hTRF1 DNA-binding domain is likely to bind to DNA in a
similar manner to that of the second subdomain of Rap1p. On the basis of 
the Rap1p–DNA complex, a model of the hTRF1 DNA-binding domain in complex
with human telomeric DNA was constructed. In addition to DNA recognition by
the HTH variant, a flexible N-terminal arm of hTRF1 is likely to interact with DNA.
Introduction
Telomeres are the protein–DNA complexes that protect
the ends of eukaryotic linear chromosomes from degrada-
tion and fusion [1]. Mammalian telomeres are composed
of long tandem arrays of the double-stranded telomeric
repeat, TTAGGG [1–5], packaged by the telomeric protein,
telomeric repeat binding factor (TRF1) [6–11]. The human
TRF1 (hTRF1) consists of 439 amino acids comprising
three presumed functional domains: an N-terminal acidic
domain, a central TRF-specific dimerization domain, and
a C-terminal DNA-binding domain [7,10,11]. The DNA-
binding domain of hTRF1 consists of a 53 amino acid
sequence that shows sequence homology to each of three
tandem repeats of the c-Myb DNA-binding domain [12,13].
The c-Myb protein is a transcriptional activator that binds
to the consensus sequence TAACNG [14–18]. Each of
the three repeats in c-Myb has a very similar tertiary
structure containing three helices [19–21];  the second and
third helix in each repeat form a helix-turn-helix (HTH)
variant motif [22–24].
The length of telomeres seems to be related to cell divi-
sion number; after cell development in somatic cells the
length of telomeres will be shortened during the course of
cell division, whereas in oncogenic cells the length of
telomeres remains constant [25–29]. Recently, it was
found that the length of telomeres in oncogenic cells is
maintained by an enzyme — the telomerase that adds
telomeric DNA sequences [30,31]. The access of the
telomerase to DNA seems to be controlled by TRF1 [32].
To understand the mechanism of chromosome stability
and cell senescence it will be essential to know the tertiary
structure of telomeres.
So far, only the structure of the yeast Rap1p DNA-binding
domain in complex with telomeric DNA has been deter-
mined [33]. Rap1p is a constituent of the telomeres of the
budding yeast Saccharomyces cerevisiae, which consist of
300–450 base pairs of an irregularly repeated sequence
motif, C2–3A(CA)1–6, in contrast to the vertebrate regularly
repeated sequence [34–37]. The DNA-binding domain of
Rap1p contains two subdomains that bind DNA in a tandem
orientation. The structure shows that despite lacking any
significant sequence similarity, the Rap1p subdomains are
structurally closely related to the c-Myb DNA-binding
repeats [33]. In contrast, the hTRF1 DNA-binding domain
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contains only a single c-Myb repeat homologous domain.
Recently it has been shown that the isolated c-Myb-like
domain of hTRF1 binds specifically, and with significant
affinity, to telomeric DNA as a monomer [38]. It has been
shown that the isolated c-Myb-like domain recognizes a
binding site centered on the sequence GGGTTA, and
that its DNA-binding mode is similar to that of each of the
Rap1p subdomains [38].
We report here the solution structure of the c-Myb-like
domain of hTRF1 determined by nuclear magnetic reso-
nance (NMR) spectroscopy. The structure consists of
three helices. The architecture of the three helices is very
similar to that of each Rap1p subdomain and also to that of
each c-Myb repeat. The length of the third helix of the
hTRF1 DNA-binding domain is most similar to that of
the second subdomain of Rap1p. The hTRF1 DNA-
binding domain is quite likely to bind to DNA in a similar
manner to the second subdomain of Rap1p.
Results and discussion
Structure determination
The DNA-binding domain of hTRF1, amino acids 378–430
(see Figure 1), was chemically synthesized and subjected
to the usual two-dimensional proton NMR experiments,
double quantum filtered correlation spectroscopy (DQF-
COSY) [39], nuclear Overhauser effect spectroscopy
(NOESY) [40] and total correlation spectroscopy (TOCSY)
[41], as reported previously [19,21]. Sequential and short-
range nuclear Overhauser effect (NOE) connectivities are
shown in Figure 2. These NOE patterns clearly indicate
that the DNA-binding domain of hTRF1 contains three
helical regions as found in each of three repeats of the
c-Myb DNA-binding domain [21].
To determine the three-dimensional structure of the
hTRF1 DNA-binding domain, a set of 546 distance con-
straints were obtained from NOESY spectra (eight intra-
residue, 202 sequential, 182 short-range and 154 long-
range). In addition, 27 φ angle constraints were obtained
from a DQF-COSY spectrum. With these constraints we
have carried out distance geometry calculations using
four-dimensional simulated annealing [42], as reported
previously [19–21].
The 18 calculated structures are shown superimposed in
stereo in Figure 3a. The refined average structure, includ-
ing amino acids forming the hydrophobic core, is shown in
Figure 3b. None of the calculated structures showed viola-
tions of greater than 0.3 Å, for the distance constraints, or
5°, for the dihedral restraints. Figure 4a shows the root
mean square deviation (rmsd) of the backbone and heavy
atoms of each residue. The backbone conformations are
well defined in our calculations except for the N and C
termini which do not have enough NOEs, as shown in
Figure 4b. The overall rmsds between the 18 individual
structures and the mean coordinates are 0.64 ± 0.09 Å for
the backbone atoms and 1.27 ± 0.12 Å for all heavy atoms,
excluding the N and C termini. These and other relevant
statistics are summarized in Table 1. The Ramachandran
plot of the averaged minimized structure (see Figure 5)
shows that of all nonglycine/proline residues (48 of the 51
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Amino acid sequence of the DNA-binding region of hTRF1. hTRF1
contains three domains: an N-terminal 6 kDa acidic domain; a 30 kDa
TRF-specific dimerization domain; and a C-terminal 6 kDa DNA-binding
domain. For comparison, the amino acid sequences of murine TRF1,
human TRF2, the first (R1), second (R2) and third (R3) repeats of c-
Myb, and Rap1p subdomains 1 (Sc1) and 2 (Sc2) were aligned. The
three underlined regions of each sequence indicate the helical regions
of each domain. Conserved residues are shown in bold. Numbers in
brackets at the beginning of the sequences indicate amino acid
positions (for Rap1p subdomain 2, it should be noted that only part of
the amino acid sequence is shown).
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Figure 2
Summary of the sequential and short-range
NOEs observed for the DNA-binding domain
of hTRF1. The thick, medium and thin bars
correspond to strong, medium and weak
NOEs, respectively. Helical regions are
shaded. The corresponding amino acid
sequence of hTRF1 is given at the top of the
figure together with sequence numbering.
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Figure 3
Stereoviews of the hTRF1 DNA-binding
domain structures. Backbone atoms and
sidechain atoms are shown in yellow and red,
respectively; the N and C termini are marked.
(a) The best-fit superposition of the 18
structures; three tryptophans and one
phenylalanine residue form the hydrophobic
core. (b) The refined average structure again
showing the amino acids that form the
hydrophobic core.
residues) 40 residues are in the most favored regions (A, B
and L) and eight residues are in the additional allowed
regions (a, b, l and p). The plot was generated using the
program PROCHECK [43].
The structure consists of three helical regions, helix 1
(Trp 385–Tyr 398), helix 2 (Trp 403–His 409) and helix 3
(Ser 417–Lys 429), together with two turns, turn 1 (Gly 399–
Asn 402) and turn 2 (Tyr 410–Thr 416). All three helices
and both turns are well defined. The three helices are
maintained by the hydrophobic core formed by residues
Trp383, Leu391, Val395, Trp403, Ile406, Phe412, Leu420,
Arg423 and Trp424 as shown in Figure 3b.
Helices 2 and 3 form an HTH variant motif containing a
turn three amino acids longer than the corresponding turn
in the prototypic HTH proteins [22–24]. This relatively
long turn (turn 2) is stabilized by Phe412, located at the
center of the turn, which protrudes into the hydrophobic
core formed by Leu391 from helix 1, Ile406 from helix 2
and Leu420 from helix 3. The stabilized long turn seems
to have a role in exposing two presumably functional
asparagine residues, Asn413 and Asn414, into the solvent.
In addition, the turn causes Lys411 to also be exposed to
solvent but in the opposite direction to that of Asn414.
Comparison with each of the c-Myb repeats
Figure 6 shows a superposition of the structure of the
hTRF1 DNA-binding domain obtained here, with the
structure of the third repeat of c-Myb [21]; several side-
chains in the hydrophobic core are illustrated. The back-
bone architecture of the three helices and the conforma-
tions of three conserved tryptophan residues are similar in
the hTRF1 DNA-binding domain and the c-Myb repeat.
The rmsds between the backbone atoms in the refined
average structure of the hTRF1 DNA-binding domain
(amino acids 383–398, 403–409 and 417–426) and the corre-
sponding atoms of each of the first, second and third repeats
of c-Myb are 1.30 Å, 1.22 Å and 1.32 Å, respectively. On the
other hand, turn 2 of hTRF1 is two amino acids longer than
the corresponding turn in each of the c-Myb repeats.
Helix 3 of hTRF1 is slightly longer than the corresponding
third helix in each of the c-Myb repeats. In a specific DNA
complex of the minimal DNA-binding domain of c-Myb,
consisting of two tandem repeats, two DNA-binding helices
from the two repeats are closely packed in the major groove
of DNA recognizing a specific base sequence in a coopera-
tive manner [20]. The length of helix 3 of hTRF1, which is
longer than that of c-Myb, suggests that it is unlikely to
interact with DNA in a similar manner to c-Myb.
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Figure 4
Summary of structural data versus residue
number. (a) The distribution of distance
constraints is shown for each residue by bars
representing the number of intraresidue (dark
gray bar), sequential (solid bar), medium-
range (gray bar), and long-range (open bar)
NOEs, cumulatively stacked. (b) The root
mean square deviations (rmsds) between
coordinates for the individual and the mean
structures are represented at each residue for
the backbone atoms (as a filled diamond) and
for the heavy atoms (as an open triangle).
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Structure
Comparison with the Rap1p DNA-binding domain
Figure 7 shows a superposition of the structures of the
hTRF1 DNA-binding domain and Rap1p subdomain 2
[33]; several sidechains of the hydrophobic core residues
are also shown. The backbone architectures of the three
helices are very similar between the hTRF1 DNA-bind-
ing domain and Rap1p subdomains. The rmsds between
the backbone atoms in the refined average structure of
the hTRF1 DNA-binding domain (amino acids 383–398,
403–409 and 417–426) and the corresponding atoms of
Rap1p subdomains 1 and 2 are 2.42 Å and 1.56 Å, respec-
tively. In contrast, the structures of turns 1 and 2 of hTRF1
are different from the corresponding regions of each of
the Rap1p subdomains. Turn 1 of hTRF1 consists of
four amino acids, whereas between the first and second
helix the Rap1p subdomain 1 has a nine amino acid loop
and subdomain 2 has an extensively longer and partly
disordered loop with 59 amino acids (not shown in
Figure 7). Turn 2 of hTRF1 is two amino acids longer
than the corresponding turn of each Rap1p subdomain.
Model structure of the hTRF1 DNA-binding domain in
complex with telomeric DNA
As stated previously, the DNA-recognition modes of
Rap1p and c-Myb are different. In Rap1p, the two DNA-
recognition helices from subdomains 1 and 2 bind spaced
apart from each other in the major groove of DNA, each
recognizing a separate ACACC sequence [33]. In contrast,
the two DNA-recognition helices from the two repeats of
c-Myb are closely packed in the major groove of DNA
recognizing a single TAACNG sequence cooperatively
[20]. The structure of the hTRF1 DNA-binding domain
has shown that the presumed recognition helix of hTRF1
is a little longer than that of each c-Myb repeat, rather
similar to that of Rap1p subdomain 2. In addition, the
amino acids used for direct interaction between the two
recognition helices in c-Myb could not be identified in
hTRF1. It would seem impossible to pack two hTRF1
DNA-binding domains closely in the major groove of
DNA as found in the c-Myb–DNA complex. Instead, the
hTRF1 DNA-binding domain could be arranged on the
DNA in a similar manner to each of the Rap1p sub-
domains. Recently, by using gel retardation, primer
extension and DNase I footprinting analyses, it has been
shown that the isolated c-Myb-like motif of hTRF1
recognizes a binding site centered on the sequence
GGGTTA and that its binding mode is very similar to
that of engrailed homeodomain [38]. It has been also
suggested that in addition to the recognition of the HTH
motif, a flexible N-terminal arm of hTRF1 is likely to
interact with DNA in the minor groove [38]. Taking
these results into consideration, we have built a model of
the hTRF1 DNA-binding domain in a complex with
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Table 1
Structural statistics and root mean square deviations for 18
NMR structures of the hTRF1 DNA-binding domain.
Structural restraints*
Distance restraints
total 546
intraresidue 8
sequential 202
short-range |i–j|≤5 182
long-range |i–j|>5 154
Dihedral angle restraints (backbone φ) 27
Statistics for structure calculations
Rmsds from idealized geometry
bonds (Å) <SA> / <SA>r† 0.005 ± 0.000 / 0.005
angles (°) <SA> / <SA>r† 0.640 ± 0.019 / 0.594
impropers (°) <SA> / <SA>r† 0.332 ± 0.042 / 0.293
Rmsds of input restraint violations
distances (Å) <SA> / <SA>r† 0.005 ± 0.003 / 0.002
dihedral angles (°) <SA> / <SA>r† 0.163 ± 0.286 / 0.000
Atomic rmsds (Å)
residues 383–424
backbone 0.64 ± 0.09
all heavy atoms 1.27 ± 0.12
*None of the structures have distance violations ≥ 0.3 Å or dihedral
angle violations ≥ 5°. †<SA> represents the 18 NMR-derived
structures; <SA>r represents the restrained energy minimized average
structure from the 18 structures. For <SA>, the root mean square
deviation (rmsd) is the average rmsd and the standard deviation for the
18 structures.
Figure 5
Ramachandran plot of φ and ψ dihedral angles for the averaged
structure of the hTRF1 DNA-binding domain. The plot was generated
using the program PROCHECK [43]. The dark gray, medium gray,
light gray and white areas indicate most favored, additional allowed,
generously allowed, and disallowed regions, respectively. No
residues were observed in the latter two regions, except for glycine
residues. Glycine residues are shown as triangles and all other
residues as squares.
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Structure
telomeric DNA (shown in Figure 8). The model is con-
structed from the crystalline structure of the Rap1p
DNA-binding domain in a complex with DNA [33]. The
moiety of subdomain 2 in the complex was replaced
by the average structure of the hTRF1 DNA-binding
domain by superimposing its three helices onto the cor-
responding helices of Rap1p subdomain 2; the yeast telo-
meric DNA sequence was changed into the human telo-
meric sequence by superimposing the common GGT
sequence in both [2]. No attempt was made to optimize
the interaction between the protein and DNA. On the
basis of the Rap1p structure, in the flexible N-terminal
region of hTRF1, a lysine residue at position 379 or an
arginine residue at position 380 is likely to interact with
an adenine in the minor groove, in a similar manner to that
seen for Lys360 and Lys446 in Rap1p [33,38]. The pres-
ence of an N-terminal arm in hTRF1 suggests a similar
binding mode to homeodomains [44] and Rap1p sub-
domains [33]. Asn414 from turn 2 is likely to interact with
the DNA phosphate backbone. In the major groove of
DNA, Val418, Asp422, Arg425 and Lys421 from the third
helix are likely to interact with thymine, adenine/cytosine,
guanine and guanine bases, respectively. This model is
consistent with that of Konig et al. [38]. As each Rap1p
subdomain recognizes the ACACC sequence, the hTRF1
DNA-binding domain alone could recognize the TAACC
sequence [38]; in the model the repeated TTAGGG
sequence is treated as a repeated TAACCC sequence.
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Figure 7
Stereoview best-fit superposition of the
hTRF1 DNA-binding domain and Rap1p
subdomain 2 (Rap1pSc2). Amino acid
sidechains forming the hydrophobic core are
indicated in stick representation. The
backbone and sidechain atoms of the hTRF1
DNA-binding domain are shown in yellow and
red, respectively, those for subdomain 2 are
shown in purple and magenta.
Figure 6
Stereoview best-fit superposition of the
hTRF1 DNA-binding domain and the third c-
Myb repeat (c-MybR3). Amino acid sidechains
forming the hydrophobic core are indicated in
stick representation. The backbone and
sidechain atoms of the hTRF1 DNA-binding
domain are shown in yellow and red,
respectively, those for c-Myb R3 are shown in
cyan and blue.
The precise details of the interaction between hTRF1
and DNA require further structural analysis, however.
Biological implications
Telomeres, the protein–DNA complexes that protect the
ends of eukaryotic linear chromosomes, consist of
tandem repeats of guanine-rich sequence motifs pack-
aged by specific DNA-binding proteins. In humans, the
double-stranded TTAGGG repeats are bound by human
telomere repeat binding factor (hTRF1). hTRF1 con-
tains three domains: an N-terminal acidic domain; a
central TRF-specific dimerization domain; and a C-ter-
minal DNA-binding domain that shows sequence
homology to each of three tandem repeats of the tran-
scriptional activator c-Myb. Recently, it was shown that
the isolated c-Myb-like domain of hTRF1 can specifi-
cally recognize one GGGTTA sequence, in a similar
fashion to that of homeodomains [38]. On the other
hand, at least two repeats are essential for the sequence-
specific DNA-binding of c-Myb. Similarly, the specific
DNA-binding domain of the yeast telomeric protein
Rap1p contains two subdomains that are structurally
closely related to c-Myb repeats. 
Here, we report the solution structure of the hTRF1
DNA-binding domain. The structure comprises three
helices. The architecture of the three helices is very
similar to that of each Rap1p subdomain and also to that
of each c-Myb repeat. The second and third helix form a
helix-turn-helix (HTH) variant containing a longer turn
than the corresponding turn in prototypic HTH proteins,
c-Myb repeats and Rap1p subdomains. The length of the
third helix of hTRF1 is rather similar to that of the
second subdomain of Rap1p. Although the hTRF1
DNA-binding domain shows strong sequence similarity
to each of the c-Myb repeats, and no apparent sequence
homology to the Rap1p DNA-binding domain, the DNA-
binding mode of hTRF1 is more closely related to that of
the second subdomain of Rap1p [33] than that of c-Myb
repeats [20]. However, two subdomains of Rap1p are
essential for sequence-specific DNA binding, whereas in
hTRF1 a single c-Myb-like domain is sufficient [38]. On
the basis of the present structure, a model of the hTRF1
DNA-binding domain in complex with human telomeric
DNA has been constructed. The specific binding by the
single HTH variant of hTRF1 could be aided by the flexi-
ble N-terminal arm, similar to homeodomains [38], and
by the slightly longer turn in the HTH variant which is
likely to interact with phosphate backbone.
The dimerization domain of hTRF1 is located within
the central region of the protein. The dimerization
domain does not seem to be essential for the sequence-
specific binding of hTRF1 [38]. In vivo, hTRF1 seems to
exist as a dimer [10]; a dimer of hTRF1 contains two
specific DNA-binding domains. Both DNA-binding
domains complexed with GGGTTA sequence motifs
separately are organized into a particular structural unit
of telomeres. Such specific tertiary structures of telom-
eres may participate in the regulation of telomerase
activity. Telomerase adds TTAGGG repeated sequence
motifs to telomeres and the activity of this enzyme has
been implicated in oncogenic cells. By increasing our
understanding of telomeric structure and chromosome
stability, it may be possible in the future to learn more
about the mechanisms of carcinogenesis.
Materials and methods
Sample preparation
The peptide fragment of the hTRF1 DNA-binding domain was chemi-
cally synthesized and was purified as described previously [19,21]. The
lyophilized sample was dissolved in 100 mM potassium phosphate
buffer (KPB) pH 6.8 and 1 mM NaN3 and the sample concentration
was 1.6 mM.
NMR spectroscopy
NMR spectra were recorded at 600 MHz or 500 MHz on a Bruker DMX-
600 or AMX2-500 spectrometer. The temperature during data acquisition
was set to 300K. Quadrature detection was made by the TPPI method.
For water signal suppression, weak presaturation was used. DQF-COSY
spectra [39], NOESY spectra [40] with mixing times of 50, 150 and
200 ms, and TOCSY spectra [41] with mixing times of 80 and 100 ms
were recorded and relaxation-compensated DIPSI-2 mixing schemes with
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Figure 8
A model structure of the hTRF1 DNA-binding domain in complex with
DNA. The backbone and sidechain atoms of the hTRF1 DNA-binding
domain are shown in yellow and red, respectively; the backbone and
base atoms of telomeric DNA are shown in green. Residues involved in
key interactions with the DNA are labeled. The sequence of the
telomeric DNA is shown below the model.
z filtration [45] were used in the pulse sequence of the TOCSY experi-
ments. In 90% H2O/10% D2O and in D2O, 600 t1 increments (zero-filled
to 1024 data points) each of 2048 real data points were recorded with a
spectral width of 8064 Hz. In addition a DQF-COSY spectrum with 1024
t1 increments (zero-filled to 2048 data points) each of 4096 real data
points (zero-filled to 8192 data points) was recorded in 90% H2O/10%
D2O. Sequence-specific assignments could be completed from Arg380
to Leu430. The N-terminal two residues, Arg378 and Lys379, could not
be identified in NOESY spectra, however.
Structure calculations
Interproton distance constraints were derived from the cross-peak inten-
sities of the NOESY spectra with mixing times of 50, 150 and 200 ms,
using similar assumptions of previous calculations [19–21]. From the
NOE intensities, the distances between backbone protons were classi-
fied into four ranges, 1.9–3.0, 1.9–4.0, 1.9–5.0 and 1.9–6.0 Å, corre-
sponding to strong, medium, weak and very weak NOEs, respectively.
Similarly, the interproton distances involving sidechain protons were clas-
sified into four ranges, 1.9–4.0, 1.9–4.5, 1.9–5.5 and 1.9–6.5 Å, corre-
sponding to strong, medium, weak and very weak NOEs.
In addition, the φ angles were restrained by estimating the 3JHNα cou-
pling constants from F2 high resolution DQF-COSY spectrum with cor-
rections against deviated values due to broadened signals. The
restrained angle ranges were as follows: –90° < φ < –40° for 3JHNα <
6.5 Hz and –160° < φ < –80° for 3JHNα > 8.5 Hz.
Structures were constructed from random-coil conformations using the
four-dimensional simulated-annealing program EMBOSS [42] with the
experimentally derived distance and angle constraints, as reported pre-
viously [19–21]. All calculations were performed using the workstation
Indigo 2 Impact (Silicon Graphics, Inc.).
Accession numbers
The coordinates of 18 calculated structures have been deposited with
the Brookhaven Protein Data Bank. The PDB ID code is 1BA5.
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